Electro-Acupuncture Promotes Endogenous Multipotential Mesenchymal Stem Cell Mobilization into the Peripheral Blood
However, emerging evidence suggests that a small number of MSCs can potentially be fracture [17] and hypoxia [18, 19] . Recently, Moldenhauer et al. [20] found that acupuncture in healthy human individuals induced the mobilization of CD133 + CD34 -cells, a population of neurogenic stem cells. In addition, Chen and colleagues reported that electro-acupuncture (EA) improved survival and migration of transplanted neural stem cells in injured rat spinal cord [21] . Another study further showed that the survival and differentiation of transplanted MSCs were promoted by EA treatment [22] . We therefore hypothesized that acupuncture or EA might be an effective stimulus to induce the release of endogenous MSCs into the blood.
Acupuncture, a traditional oriental medicine practiced for more than 2500 years, is becoming more popular worldwide. Notably, acupuncture has been recommended by the World Health Organization (WHO) as an effective complementary therapy for numerous diseases [23] . EA is based on conventional acupuncture, with the additional application of an electric pulse to acupoints to strengthen the acupuncture. Because its parameters are easily controlled and stimulation models are correspondingly stable, EA is widely used for both basic research and clinical therapy. Thus, in this study, we investigated the mobilizing effect of EA on endogenous MSCs.
In Traditional Chinese Medicine, Governor Vessel (GV) acupoints master the "Yang Qi" of the body, which has also been called "the sea of Yang Meridians." EA on GV acupoints has been used widely in the clinic. Increasing evidence suggests that GV-EA promotes migration and differentiation of endogenous neurogenic stem cells [21, 22, 24] . Hence, we chose Jizhong (GV6) and Mingmen (GV4), one pair of "Governor Vessel" acupoints, to investigate the MSC-mobilizing effect of EA.
Materials and Methods

Animals
Sixty adult male Sprague-Dawley rats (6 weeks, 200 -220 g) were provided by the Experimental Animal Center of Zhejiang University. They were randomly divided into six groups, namely, EA for 14 days (EA14d), sham point EA for 14 days (Sham14d), control (immobilization without needle insertion or electrical stimulation) for 14 days (Con14d), EA21d, Sham21d and Con21d (n = 10 per group). Animals were housed under controlled conditions of light and temperature with ad libitum access to water and food. All animal investigations were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the NIH and were approved by the Institutional Animal Care and Use Committee of Zhejiang University. such as bones and joints. The acupoint GV6 is located on the posterior midline in the depression below the spinous process of the eleventh thoracic vertebra in the prone position. GV4 is located on the posterior midline in the depression below the spinous process of the second lumbar vertebra in the prone position.
under low electrical resistance and high conductance.
EA treatment was applied to the rats once per day for 14 days (EA14d group) or 21 days (EA21d group) without anaesthesia using an immobilization apparatus that allowed access to both acupoints (Fig. 1A) . Stainless silver needles of 0.3 mm in diameter were inserted into each acupoint at a depth of approximately 5 mm. The minimum voltage to cause moderate muscle contraction was used for stimulation. The two needles were connected to the output terminals of an EA apparatus (Model KWD-808, Changzhou Medical Electronic Apparatus Company, China) (Fig. 1B) . EA stimulation was applied for 30 min with an electrical current of faradic, bipolar and dense-sparse frequencies (50 Hz for 1.05 s and 2 Hz for 2.85 s, Fig. 1C) .
Two sham acupoints (non-acupuncture points) were utilized in the sham EA group. The sham points were located at the dermatome immediately next to the Jizhong (GV6) and Mingmen (GV4) acupoints in areas where the sound signal was absent (Fig. 1A) . Sliver needles were inserted into each sham acupoint at a depth of less than 2 mm. The handles of the needles were connected to the EA apparatus in the absence of electrical stimulation for 30 minutes, mimicking a real EA procedure. In parallel with the EA groups, sham EA treatment was applied to rats once per day for 14 days (Sham14d group) or 21 days (Sham21d group) (Fig. 1A) .
Matched control groups underwent immobilization without needle insertion or electrical stimulation for 14 days (Con14d) or 21 days (Con21d).
Bone marrow and peripheral blood cell preparation
Immediately after the last acupuncture procedure, animals were anesthetized with 4% chloral hydrate (500 mg/kg, Sigma). Peripheral blood (PB) (8-10 ml) was drawn from the postcaval vein and collected in heparinized tubes. Bone marrow (BM) was obtained from the rat femur and tibia as previously For CFU-F assays, PB MNCs from each animal were plated at a density of 3 × 10 6 cells per 35-mm culture dish in proliferation culture medium consisting of LG-DMEM supplemented with 20% (vol/vol) screened FBS. BM MNCs were plated at a density of 1 × 10 6 cells per 35-mm culture dish using the same proliferation culture medium. The culture medium was changed on day 5, and adherent colonies (> 50 cells) derived from CFU-Fs were counted on day 10 for PB-derived cells, and on day 14 for BM-derived cells. To violet. Colonies were counted and presented as the average colony number from ten parallel dishes.
Generation and culture of MSCs
MSCs derived from Con14d BM CFU-Fs and EA14d PB CFU-Fs were trypsinized (0.25% trypsin-EDTA, Invitrogen) and resuspended in culture medium, consisting of LG-DMEM supplemented with 20% (vol/vol) FBS. Cells were seeded at a density of 10,000 cells/cm 
Differentiation assays
The differentiation potentials of MSCs derived from EA-PB and Con-BM (P3) were evaluated as follows: Adipogenesis. Cells were seeded into 6-well plates at 20,000 cells/cm 2 and cultured in proliferation replaced with adipogenic induction medium consisting of LG-DMEM with 1×adipogenic stimulatory supplement (Stem Cell Technologies, Hangzhou, China). Cells were cultured for 21 days, and medium was changed every 3 days. Adipogenic differentiation was indicated by cellular accumulation of large lipid vacuoles that stained with oil red O (Sigma-Aldrich).
Osteogenesis. Cells were seeded into 6-well plates at 10,000 cells/cm 2 in proliferation medium. After 2 days, the medium was changed to osteogenic induction medium consisting of LG-DMEM with 10% FBS, 0.1 (Sigma-Aldrich). Cells were cultured for 14 days, and the medium was changed every 3 days. Mineralized areas were revealed by von Kossa stain.
Chondrogenesis.
Aldrich), 10 ng/ml transforming growth factor-1 (Peprotech, London, UK), and 10 ng/ml transforming growth factor-3 (Peprotech). Viable cells were counted and seeded at a density of 5 × 10 5 cells per pellet in 15-ml conical tubes. Cells were gently centrifuged to the bottom of the tubes and allowed to form compact cell 
Results
MSCs were mobilized into peripheral blood by EA treatment
The CFU-F assay is a standard, widely used method to quantify the number of MSCs in circulation. To investigate the effect of EA on MSC mobilization, CFU-F assays were performed on PB and BM samples from each group. As each colony (colony-forming unitthe frequency of MSCs. As shown in Fig. 2A , more colonies were observed in the PB of the EA14d group compared to the sham and control groups. Surprisingly, the number of PB CFUFs increased further in EA21d rats. Quantitative analysis indicated that a dramatic increase in CFU-F frequency was observed in the PB of rats subjected to EA treatment for 14 days (P < 0.01) (Fig. 2B) . Mean values (± SEM) were 1.30 ± 0.15 and 8.20 ± 0.53 CFU-Fs per 3 × 10 6 MNCs in control and EA14d samples, respectively. Intriguingly, the number of CFU-Fs was increased further in the EA21d group (11.9 ± 0.91 vs. 8.20 ± 0.53, P < 0.05) (Fig. 2B) . These data indicate that EA promotes endogenous MSC mobilization into peripheral blood. (Fig. 2C) , suggesting that EA either induces MSC egress from BM into circulating blood such as adipose tissue [15, 25] .
The morphology and immunophenotype of MSCs derived from EA-mobilized PB
MSCs from EA-mobilized PB were cultured in parallel with cells from BM. The morphology of CFU-Fs derived from EA-mobilized PB (Fig. 3Aa ) was similar to that from BM (Fig. 3Ab) .
To examine their immunophenotype, the mobilized cells from the PB of rats subjected to EA 14 d treatment were cultured. The cell surface antigen expression of adherent cells positive for CD90 (Thy-1) and CD44 (homing-associated cell adhesion molecule), moderately expressed CD73 (cluster of differentiation 73), but were negative for CD45 (leukocyte common antigen). The cell-surface immunophenotype of mobilized PB MSCs was therefore comparable to that of MSCs derived from bone marrow of control rats. Mobilization of stem and progenitor cells is a multistage process, with initial release from the BM niche followed by active migration across the BM sinusoidal endothelium. Migration is an important step in this process. We therefore investigated the effect of SDF-± 4.53 vs. migration of MSCs.
Discussion
Following adequate stimulation, stem and progenitor cells may leave their niche and circulate in the PB, a process termed "mobilization" [9] . Strategies to enhance the mobilization of MSCs into the bloodstream are of great therapeutic interest because they would facilitate collection of MSCs from the PB and their subsequent homing to injured tissues. In this study, we found that the number of MSCs increased dramatically in the PB of rats subjected to EA PB by EA.
Although the existence of circulating MSCs has been proven in foetal and neonatal blood [27, 28] , attempts to isolate MSCs from adult PB has resulted in both successes [29, 30] and failures [31, 32] . Recently, it has become apparent that a small number of MSCs can be mobilized into the PB in response to injury signals [16, 17, 33] or following appropriate stimuli [18, 19] . Further evidence suggests that combinations of growth factors with the CXCR4 antagonist AMD3100 effectively induces release of MSCs into the peripheral circulation [34, 35] . However, more work is required before these new mobilization regimes can be introduced into the clinic. Previous studies have reported that EA could promote the survival and homing of transplanted bone marrow MSCs [22] . Our study indicated that EA was a sensitive stimulus for MSC mobilization. Because EA has been used widely in the clinic, our data may provide a novel strategy for enhancing the mobilization of MSCs.
There are numerous studies suggesting that MSCs are stimulated to leave their niche, released into circulation and recruited into damaged tissues under injury conditions [16, 17, 33] . To rule out lesion-related stem cell mobilization, we therefore used wild-type rats instead of a disease model in this study. In Traditional Chinese Medicine, EA on "Governor Vessel" acupoints is used for the treatment of spinal cord injury (SCI) and has achieved remarkable results [36] . Increasing evidence also suggests that MSCs might be a promising candidate for promoting recovery of neuronal injury [37] . Hence, we chose Jizhong (GV6) and Mingmen (GV4), one pair of "Governor Vessel" acupoints, to investigate the MSC-mobilizing effect of EA. Although our results showed that EA on this pair of acupoints increased the egress of MSCs, the mobilizing effect of EA on other acupoints should be further investigated. Our data indicated that a slight increase in CFU-F frequency was observed in the PB of sham EA rats stimulation promoting MSC migration.
The factors responsible for MSC mobilization by EA remain unknown. Several studies in the wound healing process and induces MSC mobilization [38] [39] [40] . A recent study has also shown that EA at the sciatic nerve leads to the production of dopamine [41] , which regulates mobilization of MSCs during wound angiogenesis [42] . Moreover, cytokines play that EA may induce MSC mobilization by modulating the expression of relevant cytokines. Nevertheless, the mechanisms involved in the mobilizing effect of EA may be complex and thus require further study.
SCI [36] . However, the underlying mechanisms remain unclear. A possible explanation for EA-induced neuronal regeneration could be the mobilization of regenerative stem cells. Increasing evidence has demonstrated that MSC transplantation improves clinical outcomes in models of stroke [48] and SCI [37] . Therefore, MSC mobilization might be a candidate approach for neurological tissue repair. Our results suggested that endogenous MSC mobilization might be one of the mechanisms of EA treatment. Many studies have demonstrated that bone marrow-derived MSCs can give rise to neuronal cells, both in vitro and in vivo (reviewed in [49] ). Transdifferentiation of MSCs into neuronal cells can be obtained by manipulation of culture conditions and biochemical supplements to which the cells are exposed and in which they are maintained. However, there is little evidence supporting the neuronal differentiation potential of PB-derived MSCs.
markers and acquire neuronal-like morphology and neuronal marker expression after induction by bFGF and forskolin.
Conclusion
Taken together, EA promotes the mobilization of endogenous multipotential MSCs into the PB. Our data provide a promising strategy for MSC mobilization and may help to promote understanding of the underlying mechanisms of EA treatment.
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